As part of a large expansion project in Las Vegas, Nevada, we evaluated performance of various analytical design methodologies for predicting drilled shaft side resistance in a soil profile of hard and soft clay with interlayered sand and cemented soils (caliche). We predicted side resistance capacities using the Federal Highway Adminstration (FHWA) methods and other developed relationships based on in situ testing. Two instrumented preconstruction Osterberg load tests were performed to refine capacity estimates. Further evaluation of drilled shaft installation was recommended by the design team to quantify the influence of groundwater on side resistance of the drilled shaft. The contractor elected to perform dynamic testing using the APPLE system.
INTRODUCTION
The traditional hollow stem auger boring exploration program and laboratory test results on obtained soil samples from the driven standard penetration test (SPT) and Shelby tube methods indicated thick layers of very soft to soft clay with laboratory undrained shear strengths ranging from less than 0.1 to 1.3 kips per square foot (ksf) across the site. The majority of samples that had low test results contained coarse sand to medium coarse gravel-size caliche particles, and upon further visual inspection of the test samples, these large particles appeared to create a preferential failure plane. Thus, since the laboratory testing may not be accurately measuring the undrained shear strengths of the materials, the initial conventional exploration program was supplemented with an in-situ testing program comprised of cone penetrometer testing (CPT), dilatometer testing (DMT), and pressuremeter testing (PMT).
Based regional experience, the side resistance predicted using the undrained shear strength and various methods appeared to still under predict capacities. Thus, preconstruction load testing, Osterberg Cell (OCELL) Method, was performed at two locations, Test Site #1 and #2 to better define the clay side resistance capacities. In addition, a post-construction dynamic load testing using the APPLE system was also performed near Test Site #2 to quantify the influence of groundwater on drilled shaft side resistance. This paper presents predictions of drilled shaft side resistance in clays based on SPT, CPT, PMT, and DMT test data as well as the measured side resistances based on the OCELL and APPLE methods.
PROJECT SITE GEOLOGY/SOIL PROFILE
The project site is located in the southern-central portion of the Las Vegas valley in Las Vegas, Nevada. The Valley is filled with Quaternary and Tertiary aged sediments. These sediments consist of alluvial and playa deposits surrounded by progressively more steeply sloping alluvial fans derived from erosion of the mountains surrounding the valley. The alluvial and playa sediments can be several thousands of feet thick the project site area.
Sediments in the in the upper 25 feet of the soil profile at this project site generally consist of interlayered stiff to very stiff, low to moderately plastic sandy clay, clayey sand and cemented deposits of calcium carbonate (caliche). The cumulative thicknesses of caliche encountered generally ranged from one to five feet in the upper 25 feet of the profile. Below depths of 25 feet, the soil profile generally consisted of soft to medium stiff, moderately to highly plastic clays also with interlayered clayey sand and gravel. Fines contents in these soils ranged between 23 and 84 percent with an average value of approximately 57 percent and the plasticity index (PI) for the majority of the material was above 30, with an average of about 40. Although there is a wide spread to the grain sizes below depths of 25 feet, the majority of the granular size particles consisted of cemented calcium carbonate (caliche nodules) in the soil matrix. Groundwater was generally encountered at depths of approximately 25 to 30 feet below existing grade.
In situ soil data was obtained within 200 to 600 feet of each test site. The focus of the CPT, PMT, and DMT was to better quantify overall thickness and strength values of the soft clays identified by SPT and laboratory test data below depths of approximately 25 feet.
It is generally not possible to advance CPT or DMT soundings from the ground surface in the Las Vegas Valley due to the presence of caliche; thus, predrilling of the site was required. A summary of the measured and correlated subsurface data at Test Sites #1 and #2 is presented on the following Figures 1 and 2 . 
DRILLED SHAFT CAPACITY PREDICTION METHODS
The ultimate static axial side resistance of Test Sites #1 and #2 for the subsurface profile outlined previously was initially estimated using the Alpha Method (O'Neil, 1999) with shear strengths estimated from SPT and DMT data, CPT-LCPC (Laboratoire Central des Ponts et Chaussees) Method, and PMT-LCPC method. The following presents the background of the methods that were used to predict the drilled shaft side resistances.
SPT α Method (O'Neil, 1999):
The α method uses correlations to the undrained shear strength of the cohesive layer to determine the ultimate side resistance, fs. The SPT-α method uses an undrained shear strength estimated from empirical correlations to the SPT "N" value. Based on typically high plasticity soils encountered in the subsurface conditions, undrained shear strength, S u-SPT , was 
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Ave. qt (tsf) Pl (ksf) Pl*(ksf) DMT Ave. fs (tsf) estimated using correlations of SPT N values to the unconfined compressive strength, q u as presented in NAVFAC 7.1 Figure 4 . The "N" value used in this paper was corrected to 60 percent hammer efficiency. The following equation was used for the SPT-α method.
EQ. 2 DMT-α Method: As indicated previously, the α method uses correlations to the undrained shear strength of the cohesive layer to determine the ultimate side resistance, fs. The DMT-α method uses an undrained shear strength, S u-DMT , estimated from empirical correlations to the dilatometer horizontal stress index, K D , for clay/silts with a material index, Id, less than 1.2 (Marchetti, 1980) The DMT undrained shear strength, S u-DMT , and side resistance using the dilatometer data, f s-DMT , was computed using:
EQ. 4 Where: σ' vo =effective overburden stress, ksf K D =Horizontal Stress Index, unitless α = alpha, coefficient relating unit side resistance to S u (O'Neil, 1999) PMT-LCPC Method: The PMT-LCPC method for estimating ultimate side resistance, qs, is determined directly by using the limit pressure, p l, and given design charts (Briaud, 1989, Table 10 and Figure 41 ). Several different design curves are presented for the ultimate side resistance, fs, as a function of limit pressure in the design charts with each curve dependent on the soil type, pile type, and pile installation method. More details to this method can be found in Briaud, 1989 . Based on our experience, side resistance predictions were estimated using curve "Q2", which corresponds to a "clay/silt" type soil drilled with mud, roughened, and installed without casing left in-place.
The undrained shear strength, S u -PMT, was also determined using the net limit pressure, p l *, for use in computation of side resistance based on the alpha method (Briaud 1989, Equation 19 ). Side Resistance using the pressuremeter data, f s-PMT , was computed using:
PMT-LCPC Method f s-PMT (ksf) = f s (ksf) @ p l on design chart curve "Q2" EQ. 4 Su-PMT (ksf) = 0.42 (p l *,(tsf)) 0.75 EQ. 5
CPT-LCPC Method: This method was developed by Bustamante and Giasenelli, 1982 . The method uses the cone tip resistance, q c , divided by a friction coefficient, α LCPC to estimate the ultimate side resistance using CPT data, f s-CPT . For plain bored piles (i.e., drilled shafts) the friction coefficient, α LCPC , is equal to 40 for moderately compact clays (i.e., 10≤ q c ≤50 tsf) and 60 for compact to stiff clays and silt (i.e., (i.e., >50 tsf). This method recommends limiting the f s-CPT to a maximum value based on pile and soil type; calculated f s-CPT values were not limited in our evaluation. In addition, the corrected tip resistance, q t ,that was reported in the CPT data was used in lieu of the uncorrected tip resistance, q c . The undrained shear strength, S u-CPT, was also estimated using the corrected tip resistance for use in computation of side resistance based on the alpha method. Side resistance using the cone penetrometer test data, f s-CPT , was computed using:
CPT-LCPC f s-CPT (ksf) = q t / α LCPC EQ. 6 S u-CPT (ksf) = q t /N kt, N kt =14 EQ. 7
PREPRODUCTION OSTERBERG CELL LOAD TESTS (TEST SITES #1 & #2)
Test Shafts #1 and #2 (corresponding to Test Sites #1 and #2) were drilled to a depth of approximately 90 feet using an auger 4 feet in diameter to assess preproduction shaft capacity. The addition of drilling fluids to both shaft excavations was not used by the contractor; mixing of the groundwater and clayey soils was adequate to maintain drilled shaft stability during drilling and concrete placement. The O-cell was located at a depth of approximately 50 feet below ground surface in both test shafts. Concrete was placed using tremie pipe methods and a vacuum truck removed displaced water during concrete placement.
Top of concrete was located approximately 8 feet below ground surface in Test Shaft 1 and at the ground surface in Test Shaft 2.
The maximum bi-directional loads applied to Test Shaft #1 and #2 were approximately 2,900 kips and 1700 kips, respectively. Estimated average net unit side shears based on strain gage data, shaft stiffness, and shaft area were reported for Test Shaft #1 and #2 to be in the range of 1.0 to 7.8 ksf and 0.4 and 4.8 ksf, respectively. The measured unit side shear was fully mobilized along Test Shaft #1 between depths of 8 and 15 feet as well as 33 and 50 feet; unit side shear plots below the O-cell appeared to be close to fully mobilized. Measured side shear was fully mobilized below the O-cell in Test Shaft #2. The strain gauges, simplified soil profile and measured unit side shear is presented in Figure 3 . 
POST-CONSTRUCTION DYNAMIC LOAD TEST (TEST SITE #2)
During construction, drilled shaft installation techniques deviated from the preconstruction load test; groundwater was left in the drilled shaft excavation for up to five days prior to placement of concrete. This deviation from the preconstruction load test program raised concerns regarding a potential strength loss due to relaxation and softening of the clays present below the groundwater table and its effect on design side resistance. The contractor elected to perform dynamic load using the APPLE system to evaluate the as-built shaft capacity. Three shafts were selected for evaluation of capacity in this area, generally located near Test Site #2 as summarized in Table 1 . The dynamic testing was performed using a PAX Model, Pile Driving Analyzer  (PDA) to acquire data from the two pairs of strain transducers and accelerometers per shaft. The evaluation of the soil resistance distribution was performed using the Case Pile Wave Analysis Program (CAPWAP  ), which computes soil resistance forces and approximate distribution using the force velocity data recorded in the field. A ram weight of 15 tons with ram drop heights of 2 to 5 five feet were used. It should be noted that no permanent set was measured during testing and that the recorded values are not ultimate values but mobilized capacities. A minimum set of 0.2 inches per blow or greater would be required to mobilize the ultimate capacity. CAPWAP  results are tabulated in Table1.
The mobilized shaft resistance for each soil layer was estimated from the CAPWAP unit resistance (area) results. The reported soil segment unit resistances were averaged over the soil layer. The distribution of the measured side resistance with respect to the individual layers is shown in Table 2 .
FINDINGS
The side resistance measured during the OCELL and dynamic APPLE load testing when compared to the predictive methods varied significantly with the method used and depth as shown in Figures 4 and 5 for Test Sites #1(OCELL) and #2(OCELL/APPLE), respectively. Table 3 summarizes the range of predicted/measured ratios for the side resistance on the test shafts. A simple statistical analysis (calculation of mean and standard deviation) was performed to determine the accuracy of the predictive methods to the measured OCELL and Apple test CAPWAP resistance distributions. Since the distribution of predicted to measured capacity has been noted to be lognormal (Long, et. al, 2002) , the computation of the mean and standard deviations were based on a lognormal distribution. The mean values from this statistical analysis are shown in Table 3 . A mean value (μ) of unity represents, on average, that the predicted capacity equals the measured capacity. A μ < 1 indicates under prediction, a μ > 1 indicates over prediction of the method. The standard deviation of the analyses ranged from 0.22 to 1.55 (fair to poor quality) for the data. The measured versus predicted side resistances are presented in Figure 6 . The side resistances predicted by the OCELL and APPLE methods at Site #2 test procedures were compared to determine if the two testing methods produced comparable results. A shaft length of 69 feet was used in this evaluation with the OCELL measured values weighted with respect to depth to match the APPLE test layering data. As shown in Table 4 , the two methods generally predicted comparable side resistances; the total average side resistance along the modeled length of 69 feet is nearly the same. As part of our findings, we evaluated side resistance equal to the shear strength (i.e., alpha = 1) by estimating the alpha factor by dividing the measured capacity by the shear strength. Using this method for Site #2, an alpha of near 1 was determined for the SPT, PMT and DMT methods. For Site #1, the alpha computed was much greater than 1 for SPT, PMT and DMT methods. The alpha computed for the CPT method was less than 1 in all cases (0.40 to 0.86, avg. 0.60), which corresponds closer to the alpha of 0.45 to 0.55 used in the FHWA methods. 
CONCLUSIONS
Based on the subsurface information as well as field and laboratory test results, the side resistance predicted using the described methods appear to be significantly less than the side resistance measured by OCELL and APPLE dynamic load testing. The average mean for each of the methods was: SPT Alpha= 0.58, DMT Alpha=0.34, CPT-LCPC=0.51, and PMT-LCPC=0.42, indicating that most of the methods (SPT, CPT, PMT) are only predicting about half of the measured capacity. The DMT method appears to be predicting about a third of the measured capacity. Based on this study, it appears that the CPT-LCPC method provides the least conservative estimate for side resistance.
In addition, based on load test data from this site, using an alpha value of 1 in determination of side resistance appears to produce reasonable results for the PMT, DMT and SPT methods. However, it should be noted that the alpha method is based on the shear strength of the material and the PMT and DMT in-situ methods tend to provide a better estimate of undrained shear strength than SPT methods. Use of the CPT computed shear strength (N kt =14) may over predict the side resistance for an alpha value equal to 1 but would likely produce reasonable results using the FHWA alpha values.
This study indicates that the side resistance in the hetrogeneous materials can be very difficult to estimate using the available methods and guidelines. The use of a full scale load test program in conjunction with high quality in situ data can provide the designer better information that can be used to refine shaft resistance estimates and, in turn reduce project costs. For this project, about 1,000 drilled shafts were installed with diameters ranging from 2 to 5 feet and to an average depth of about 50 feet. Using the results of the preproduction load test and in-situ test program, an average reduction in the shaft length of about 15 feet was justifiable and resulted in a foundation construction net savings of approximately $5M.
